Self-ordered spatial working memory measures provide important information regarding underlying cognitive strategies, such as stereotypy. This strategy is based on repetitive sequential selection of a spatial pattern once a correct sequence has been identified. We previously reported that electroconvulsive shock (ECS) but not magnetic seizure therapy (MST) impaired performance on a spatial working memory task in a preclinical model. Here we tested the hypothesis that ECS disrupted stereotyped patterns in the selection of spatial stimuli. In a within-subject study design, we assessed the effects of ECS, MST, and sham on stereotypy and reaction time in a preclinical model. Stereotypy was assessed by the correlation of actual and predicted response patterns of spatial stimuli. Predicted patterns were based on performance during baseline sessions. ECS resulted in lower correlations between predicted and actual responses to spatial stimuli in two of the three subjects, and it also disrupted stereotypy. For one subject, there was change in the predictability of the spatial locus of responses between experimental conditions. For all three subjects, reaction time was significantly longer in ECS, relative to MST and sham. This is the first study to examine the effect of ECS, and to contrast the effects of ECS and MST, on spatial working memory component processes. Our preliminary findings show that ECS, but not MST decreased stereotypy and increased reaction time. This line of investigation may have significant implications in our understanding cognitive component processes of memory function and impairment.
Introduction
Experiments on spatial working memory in animals and humans use a variety of verbal and non-verbal tasks that require subjects to maintain a representation of particular locations throughout each trial. With small animals, the radial arm maze is the most widely used task to measure spatial working memory (Olton, 1985 (Olton, , 1987 Olton & Samuelson, 1976) . Testing larger animals in a radial maze is impractical because of limitations of space.
Until recently, tests of spatial working memory were restricted to two-dimensional paper or computerized mazes, or predefined object response-tracking tasks. More recently developed tasks that have overcome these limitations allow the study of self-ordered spatial working memory (Gevins & Smith, 2000) . Self-ordered spatial measures provide important information regarding a subject's stereotypy while completing a task (Olton, 1979 ; Schoenfeld et al. 1950a, b ; Schwartz, 1980 Schwartz, , 1982 . Stereotypy is defined as the production of a spatial pattern in a repetitive manner, once a correct sequence has been identified. It has been reported in experiments with humans (Chase et al. 2008 ; Owen et al. 1990 ) and non-human primates (Callithrix jacchus) (Collins et al. 1998 ). However, the latter finding has yet to be replicated.
In our previous experiments we developed a battery of computerized measures of cognition, the Columbia University Primate Cognitive Battery (CUPCB), for studying long-term memory of a single item, short-term memory of a variable item, and long-term memory for 3-item lists (Moscrip et al. 2004) . New measures for working memory have been added recently ; one for spatial information, the other, for serial information (Spellman et al. 2008 ). The expanded CUPCB was used in two independent experiments that examined the effects of electroconvulsive shock (ECS), magnetic seizure therapy (MST), or sham intervention (anaesthesia only). MST is a novel neurostimulation treatment under development as a means of reducing the cognitive side-effects of electroconvulsive therapy (ECT) through the use of magnetic fields to induce cortically focused seizures with minimal involvement of deeper brain structures (Lisanby et al. 2001a (Lisanby et al. , b, 2003a .
Both of our prior studies used a within-subject cross-over design whereby each subject served as its own control. In the first study (Moscrip et al. 2006) , subjects were significantly less accurate and had longer reaction times on measures of long-term memory for a constant target, recall of a novel target, and recall of a 3-item target list following treatment by ECS (25 sessions, bilateral electrode configuration) relative to MST (25 sessions administered at 50 Hz). Similar results were obtained in a follow-up study (Spellman et al. 2008 ) even though the MST dose was increased to 100 Hz (high-dose MST) and up to 6r seizure threshold. Extending the cognitive profile of working memory measures showed that ECS decreased accuracy on the spatial memory task, while MST did not differ from sham (Spellman et al. 2008) . That study focused on neurocognitive safety, and at the time that study was conducted, there were no methods available for examining and interpreting the effects on underlying cognitive processes (i.e. stereotypy) of spatial working memory.
Extensive research has suggested that spatial working memory in non-human primates is related to a cortical network comprising the medial-dorsolateral prefrontal cortex (M-DLPFC), medial temporal lobe structures (particularly the hippocampus), and the posterior parietal cortex (Artchakov et al. 2007 ; Inoue et al. 2004 ; Wilson et al. 1993) . The M-DLPFC, particularly the principal and accurate sulci, is thought to govern the representation and manipulation of spatial stimuli (Petrides, 1995 ; Wilson et al. 1993) . The hippocampus, specifically the dentate gyrus and the CA3 regions, is thought to recognize and temporarily store spatial patterns (Bonini et al. 2007 ). The posterior parietal cortex has been associated with the perception of spatial stimuli (Schwartz & Goldman-Rakic, 1984) . Although Becker et al. (1980) suggest that the hippocampus is the principal component of this network, others suggest that the three cortical regions function conjointly to carry out spatial working memory functions (Carpenter et al. 2000 ; Goldman-Rakic, 1998 ; Khan & Muly, 2011) .
The neural network implicated in spatial working memory may help to explain the differential effects of ECS and MST on the CUPCB spatial working memory task. Prior work with non-human primates found that the electrical current and resultant seizures induced by ECS penetrates throughout most cortical structures (Sekino & Ueno, 2002) . By contrast, MST-induced currents and seizures are prominent mostly in the targeted superficial cortical regions, with little spread to deeper brain structures such as the hippocampus (Deng et al. 2009 ; Lisanby et al. 2003b ). Thus, the seizures generated by ECS could have disrupted the spatial working memory network through effects on hippocampus and/or the prefrontal cortex (PFC), in turn negatively affecting performance. Here we examine the effects of ECS and MST on stereotypy. To this end, we evaluated performance on the CUPCB spatial working memory task in our prior investigation (Spellman et al. 2008) . Based on the results of our earlier experiments, we hypothesized that ECS, but not MST would disrupt stereotypy on the spatial working memory task.
Materials and methods

Study design
We used a within-subject design, which allowed each subject to receive each experimental condition and serve as its own control. Each subject received 20 sessions each of electroconvulsive shock (ECS), highdose magnetic seizure therapy (MST administered at 100 Hz), and sham (anaesthesia only), with each intervention, in a randomized order. Each intervention was followed by a recovery period to allow performance to return to baseline. Treatment order was counterbalanced between subjects (see Table 1 ). The methods and design of the study have been detailed elsewhere (Spellman et al. 2008) . The New York State Psychiatric Institute and Columbia University's Institutional Animal Care and Use Committee (IACUC) approved this study.
Subjects
The subjects were three pathogen-free male monkeys (Macaca mulatta) obtained from a National Institutes of Health (NIH)-sponsored breeding colony. Mean age (¡S.D.) upon entering the study was 83 (¡26) months, mean weight was 8 (¡1) kg, and all three were past sexual maturity. The approximate age equivalent in human years is 20.8 (¡6.5) yr.
ECS, MST, and sham interventions
Details of the ECS, MST, and sham interventions, including seizure threshold titration, anaesthesia, seizure monitoring, and vital-sign monitoring have previously been reported (Spellman et al. 2008) . In brief, ECS was administered bilaterally with a human ECT device (MECTA Spectrum 5000Q, MECTA Corporation, USA) at 2.5r the seizure threshold. For MST, sessions were administered with a custommodified, 100 Hz Magstim magnetic stimulation device (The Magstim Co Ltd, UK) with a paediatric-sized round coil (6.2 cm diameter) placed on the vertex. MST seizure threshold was defined as the number of pulses required to elicit a tonic-clonic seizure. Subsequent MST dosage was set at 100 Hz and either 6r the seizure threshold or the maximum device output capacity (i.e. 1000 pulses at 100 Hz). For the ECS and MST sessions, seizure threshold titration occurred on day 1. Under the sham condition, anaesthesia was restricted to the same type that was administered under the ECS and the MST conditions. Each subject received a total of 20 sessions (one session per day, for 5 d/wk for 4-wk duration) of each intervention.
Neurocognitive testing
The subjects were tested individually in a distractionfree, video-monitored, acoustically shielded test chamber. Subjects responded to visually presented stimuli on a touch-sensitive monitor that was sectioned into 16 distinct response ports. A computer that was also used to administer the spatial working memory task collected all data. Other details of the cognitive testing apparatus, stimulus presentation, and training procedures have been reported in an earlier study (Moscrip et al. 2004) .
We used the CUPCB, which consisted of neurocognitive measures specifically designed to assess orientation, anterograde learning and memory, retrograde memory, and working memory. Subjects completed the CUPCB after each treatment session. The CUPCB provided rapid and comprehensive cognitive testing in the immediate post-ictal period to assess acute cognitive side-effects.
For this study, we focused on the spatial working memory task, one that was designed to measure spatial working memory. The spatial working memory task we used was modelled after the radial arm maze in which a subject begins each trial while situated on a central platform from which eight arms radiate, each separated by a 45x angle (Olton & Samuelson, 1976) . Subjects could earn a pellet of food the first time they ran down each alley. Following each run, subjects returned to the central platform to ensure that the point at which they began each run was constant. A perfectly executed trial in a radial maze was defined as one, and only one, visit to each arm when standing on the central platform before each run. Before the start of this study, the spatial working memory task we used was piloted using other subjects. Each subject had no difficulty in learning the spatial task. As shown in Fig. 1, accuracy on this task was related to the number of items, as would be predicted by differences in the load on spatial working memory.
Subjects were required to touch all of the stimuli that were displayed on the touch-sensitive monitor in any order. An array of four, five, or six identical targets was presented on the subject's monitor in spatial configurations that were changed randomly between trials. Because the locations of the stimuli that were presented on a given trial were physically identical, they could only be differentiated by their position on the screen. All stimuli remained on the screen until the end of the trial. In order to simulate a radial arm maze in which the subject is required to return to the centre of the maze, the subjects were required to touch an icon in the centre of the stimuli between each response (see Fig. 2 ). The inclusion of the central icon made all stimuli equally accessible before each response, and prevented cuing based on paw position.
Subjects were required to select each stimulus only once, in whatever sequence they preferred. If a subject responded to each of the stimuli without repeating any response, a food reward was delivered at the end of the trial and a 3-s intertrial interval (ITI) followed. If the subject returned to a previously selected stimulus, the trial terminated immediately, the video screen turned black, and the duration of the ITI was increased to 6 s. Subjects were tested on this task following each ECS, MST, or sham session. Baseline data were obtained during the 2-wk period that preceded the first treatment.
Data analysis
To measure stereotypy, it is necessary to quantify the consistency of a subject's spatial preference. We did The subjects were trained on the CUPCB spatial working memory measure with stimuli incrementally increased as mastery of the measure was obtained. This figure shows the learning curve for four, five and six spatially represented stimuli.
Fig. 2.
Columbia University Primate Cognitive Battery (CUPCB) spatial working memory task. A number of identical geometrical shapes were presented simultaneously on the monitor. Subjects touched each spatial position once to complete the trial. Successive touches to a position that differed from the current position produced positive visual/auditory feedback. Touches that were not directed at a near position resulted in negative visual/auditory feedback. Items could be touched in any order. A new set of objects, in new locations that were randomly selected, were presented on each trial. The subject had to select each stimulus in turn without repeating an earlier selection. Between selections, the subject had to return to the centre and select a 'reset' stimulus.
that by rank ordering each of the 16 response ports for each subject, where the ranks were based on the mean ordinal position of responses made at that port during the baseline trials. The response port that, on average, was touched first during a given trial was assigned the rank 1. The port touched last was assigned the rank 16. Ranks, which were obtained during baseline (predicted locations), were compared with those following each treatment (obtained locations) and Kendall's tau correlation coefficient was calculated for each experimental condition as a measure of stereotypy. The more consistent the spatial pattern of responses during baseline and following treatment, the higher the correlation coefficient. Thus, the rank correlation between the predicted and the actual ordinal position of the ports serves as a quantitative measure of stereotypy. Confidence intervals were obtained (Efron, 1987) by resampling the data from each condition with replacement to create 1000 new datasets for each condition. Kendall's tau correlation coefficients were calculated for each new dataset and were used to determine 95 % confidence intervals around the correlation coefficient. Correlations were interpreted using standard guidelines (Nunnally & Bernstein, 1994) . We also assessed the effects of each condition on reaction time (RT), the time that elapsed between a response to the central icon and a response to one of the ports, with analysis of variance (ANOVA). Significant main effects were followed with post-hoc comparisons that were adjusted for multiple comparisons (Tukey's range test). We present the estimated difference and 95 % confidence intervals. Data were analysed using SPSS version 15 for Windows (SPSS Inc., USA). All missing variables were excluded from analyses ; no data were imputed. Statistical significance was determined as a two-sided p value of <0.01.
Results
Performance at baseline
During baseline, RTs were short (mean=0.80) on both correct and incorrect trials, but there was greater variability in performance on incorrect trials. Associations between predicted and actual responding of spatial stimuli were moderate and ranged between correlations of r=0.31-0.43.
Correlation between actual and predicted ordinal position within condition
Across all trials, associations between the predicted and actual ordinal position of response ports were lower in the ECS condition (r=0.20, 95 % CI 0.19-0.22) compared to baseline (r=0.31, 95 % CI 0.29-0.33), sham (r=0.30, 95 % CI 0.28-0.31), and MST (r=0.31, 95 % CI 0.29-0.32) conditions, showing that ECS disrupted stereotypy. As shown in Fig. 3 , a similar pattern was observed in the case of incorrect trials, but correlations were lower than the correlations on correct trials. No stereotypy was observed on incorrect trials.
Stereotypic patterns of movement
Each subject had a preferential starting point and a predictable pattern of response locations on the spatial working memory task (see Fig. 4 ). Subject 1 started in the upper right portion of the screen and moved clockwise to the bottom right, bottom left, and finally to the top left most response ports. Subject 2 started to respond on the right side of the screen, then the middle, and finally on the left side of the screen. Subject 3 started responding at the top of the screen For correct trials, the correlations were significantly lower in the ECS condition relative to baseline, MST, and sham. For incorrect trials, there were no significant differences between the conditions. ECS, Electroconvulsive shock ; MST, magnetic seizure therapy ; sham, anaesthesia only. 
Reaction time
On correct trials, analyses of RT showed a significant interaction between condition and the number of items on the list (F 1,6 =3.0, p=0.006), but only a significant main effect of condition (F 1,3 =169.8, p<0.0001), and no main effect for number of items (F 1,2 =0.3, p=0.76). Reaction times were significantly longer following ECS treatments relative to baseline (estimated difference 0.72, 95 % CI 0.31-1.13), sham (estimated difference 0.92, 95 % CI 0.60-1.25), and MST (estimated difference 0.78, 95 % CI 0.44-1.11) conditions. There were no differences in RT between baseline, sham, or MST (see Fig. 5 ). Although a similar pattern was observed in the case of errors (longer RTs during the ECS condition), that effect was only marginally significant (F 1,3 =2.62, p=0.05).
Discussion
To our knowledge, this is the first study to report an effect of ECS on stereotypy, a widely used measure of spatial working memory. We also showed that stereotypy is preserved following treatment with MST, compared to treatment following ECS. This could be attributed to the more focal effects of MST, which spares the hippocampus. This study also replicated the finding that non-human primates demonstrate stereotypy to solve a self-ordered spatial working memory task (Collins et al. 1998) . Our findings show that ECS, but not MST or anaesthesia-alone sham, has an adverse effect on the cognitive mechanism that gives rise to stereotypy. It also helps to explain our prior finding that ECS decreases accuracy on a spatial working memory task (Spellman et al. 2008) . Last, but not least in importance, is the usefulness of stereotypy as a computerized measure of self-ordered spatial working memory. Stereotypy is dependent upon medial temporal lobe structures (particularly the hippocampus) that are used to respond correctly on spatial working memory tasks (Dale & Innis, 1986 ; Mumby et al. 2002) . The majority of spatial working memory research Fig. 4 . Stereotypic first touch on the spatial working memory measure. This figure represents the pattern of the first touch for each subject when completing the spatial working memory measure. The orange regions show the preference for starting in the same region whereas the blue regions show the lack of preference for starting in the same region. ECS, Electroconvulsive shock ; MST, magnetic seizure therapy ; sham, anaesthesia only.
examining the effects of ECS in rodent models (Bohbot et al. 1996 ; Maki, 1985) has not reported a disruption in stereotypy or RT. Thus, this is one of the first reports to find that ECS impacts stereotypy and decreases efficiency of processing spatial information. Following ECS, subjects were unable to retrieve their stereotypic pattern of responding that they acquired during baseline training, and thus were more prone to error during the task. This can be attributed to the retrograde amnesia that is a well known side-effect of ECS (Sobin et al. 1995) . Intact storage and retrieval of correct sequencing strategies (Owen et al. 1990 ; Winters et al. 2010 ) on spatial working memory tasks are a prerequisite for working memory because these data show how decreased stereotypy is and are useful indicators of impaired spatial working memory. These findings may be of clinical importance with respect to the impact of ECT on driving and the risk of falls following ECT, for which the field lacks valid predictors.
The hippocampus is thought to play a role in stereotypy (Owen et al. 1996) , thus the differential effects of ECS and MST on this component process has implications for the differential impact on hippocampal function. ECS has been found to cause structural and physiological changes (e.g. mossy fibre sprouting) in the hippocampus (Barnes et al. 1994 ; Chen et al. 2001) , which could explain the disruption in stereotypy. The finding that ECS disrupts spatial working memory in rodent models has been replicated in many studies (Beatty et al. 1985 ; Holzhauer & Bures, 1986 ; Maki, 1985 ; Popik et al. 1994 ; Shavalia et al. 1981) , and has been reported in one human study (Falconer et al. 2010) .
The finding that non-human primates perform a spatial task in an organized manner was reported by Collins et al. (1998) . In that study, subjects would start the task in a variety of positions, but they navigated through the stimuli in either a clockwise or counterclockwise direction. In our study, subjects navigated through the spatial stimuli in a clockwise or counterclockwise direction and they had a preferential starting point. This is consistent with the strategy of stereotypy, which allows a subject to develop an efficient navigational map of spatial configurations (Olton, 1979) in order to respond correctly on a cognitively demanding spatial working memory task (Miller, 1956 ; Schwartz, 1980 Schwartz, , 1982 . An important methodological difference between our study and Collins et al.'s (1998) study is that the spatial working memory task in our study required subjects to return to a central point on each trial, and thus prevented cuing based on paw position. This is important because paw cuing could mitigate the findings on a spatial working memory task as it primes the subject to the previously pressed stimuli and the subsequent stimuli to press. An important line of investigation stemming from this study is the development of specific neurocognitive measures that are able to discern cognitive component processes, such as the task presented here that is able to elucidate the specific role of the component of stereotypy within the larger context of spatial working memory. Designing an animal model of memory impairment may be a useful strategy to study intricate component cognitive processes (Olton, 1985) and has been exemplified in the work of Squire et al. (1988) , and more recently with the Cognitive Neuroscience Treatment Research to Improve Schizophrenia Initiative (CNTRICS) (Barch & Smith, 2008 ; Carter et al. 2008) .
Researchers have attempted to modify the classic radial arm maze to accommodate humans and non-human primates by use of computer rendered Fig. 5 . Reaction time on the spatial working memory measure. This figure represents the reaction time (in seconds ; mean and error bar) on the spatial working memory task for the subjects for each condition, and by (a) correct or (b) incorrect trials. For correct and incorrect trials, reaction time was significantly longer in the ECS condition relative to baseline, MST, and sham. There were no other significant differences. ECS, Electroconvulsive shock ; MST, magnetic seizure therapy ; sham, anaesthesia only.
three-dimensional (3D) environments. Humans are able to master complex environments (Owen et al. 1998) , and it has been demonstrated that rhesus macaques are also capable of rudimentary spatial navigation in 3D spatial environments (Washburn & Astur, 2003) . These novel neurocognitive measures of spatial working memory are useful analogues to the classic radial arm maze and we suggest that our spatial working memory measure may prove to be a useful supplement to this work, as it requires less training and energy expenditure by the subject and, importantly, it does not require a joystick for task completion. This is advantageous as our measure is also able to assess real-time port presses to inform the cognitive component processes (i.e. stereotypy) that underscore spatial working memory. Our measure of spatial working memory differs from the radial arm maze. One difference between the two measures involves the provision of a reward to the subject. In the radial arm maze, reward is provided during the trial, whereas the reward in the CUPCB spatial working memory task is provided only at the end of a trial. This feature of the radial maze was necessary to prevent subject satiation. In our investigation, the subjects learned to make multiple presses in order to obtain the reward, and lack of motivation did not seem to be an issue. Another way in which the CUPCB spatial working memory measure differs from the radial arm maze is that a trial ended as soon as a subject made a mistake whereas in the radial arm maze, the task is continued until all arms have been explored. A significant difference between these two measures that has direct clinical relevance is that our task is a touch-sensitive computerized measure. This mode of test administration may ease the adaptation of this measure for use in neurocognitive studies with humans. An adapted human neurocognitive measure, predicated on cognitive science and linked to neuroanatomical correlates, could provide unique information (Buffalo et al. 2006) in clinical settings. For example, this advanced neurocognitive measure may be able to discern the impact of clinical confounds (i.e. mood) and clinical interventions (i.e. ECT) on cognitive components of working memory.
This study was limited by small sample size, risk of carry-over effects between interventions, and the possibility of practice effects. Carry-over effects should be negligible because we used only performance on the CUPCB before any intervention as the baseline in order to prevent carry-over effects, and subjects had to return to baseline cognitive performance levels before switching to the next intervention. Practice effects were minimized as the computer stimuli allowed for a wide range of spatial configurations on subsequent testing sessions. The decreased accuracy and increased RT on the spatial working memory test during the ECS condition suggests that there were little to no practice effects. Moreover, the generalization of these findings into clinical practice may be limited by the study design. Specifically, ECS was provided on a daily basis with bilateral electrode configuration and brief pulsewidth. However, in clinical practice, certain strategies including the use of right unilateral electrode configuration, ultra-brief pulsewidth, and the provision of ECT only two or three times per week are used to minimize adverse cognitive effects of ECT (Prudic, 2008) . As with other basic science neurocognitive investigations (Roberts, 1996 ; Sarter, 2004 ; Squire et al. 1988) , it is unclear at this time how our findings will translate into humans, particularly patients treated with ECT. For instance, most patients treated with ECT have an underlying neuropsychiatric disease (e.g. major depressive disorder), which may be associated with neurocognitive function, and thus mediate the neurocognitive effects of the treatment (Semkovska & McLoughlin, 2010) .
Overall, this study found that ECS relative to MST or sham disrupted stereotypy and decreased efficiency of processing spatial information, suggesting that unique convulsive modalities differentially affect spatial working memory. Future work is required to confirm the effects of ECS and MST on stereotypy and to explore if these preliminary findings are replicated in other basic science models, particularly ones that integrate the neurocognitive effects of neuropsychiatric disease. Ultimately, we expect that this line of research will have significant implications in helping to design more definitive investigations to better understand the factors underlying the amnestic syndrome secondary to ECT.
